the beneficial effects of restrictive use of fluids during and after operations resulting in a reduction of hospital stay up to 10%. 11 Therefore, it is essential to select those patients that will respond with a positive reaction of a physiological parameter upon fluid loading, so called fluid responders. This selection can be made with the use of fluid responsiveness.
Besides fluid responsiveness, other terms, like (biventricular) preload dependence and preload responsiveness have been used in the past. 12 However, the administration of fluid does not necessarily lead to an increase in preload. Furthermore, preload is not easily obtained using the Law of Laplace and only indirectly estimated. Therefore, the term fluid responsiveness is preferred as it acknowledges the overall clinical hemodynamic effects of fluid administration on a patient.
PHYSIOLOGY Otto Frank and Ernest Starling demonstrated increased ventricular contraction with
stroke volume augmentation when the ventricle was stretched prior to contraction due to increased venous return. 13 When stroke volume is set off against the sarcomere length of the cardiac muscle, the Frank-Starling curve is constructed. When CO, the product of stroke volume and heart rate, is plotted against right atrial pressure (RAP) as reflection of ventricular preload, the cardiac function curve is obtained. A patient's response upon fluid loading can be clarified using the cardiac function curve (Fig 1) .
Importantly, CO cannot increase without an increase in venous return as both have to be equal within a few heartbeats. Fluid loading does not guarantee an increase in preload as a considerable amount of volume residing in distensible capacitance veins does not create transmural pressure. This is the unstressed volume. Only the stressed volume that does create pressure determines mean systemic filling pressure (MSFP), which is the driving force behind venous return. MSFP is the pressure throughout the vascular system when CO would be zero.
Therefore CO is indirectly driven by the pressure gradient (MSFP -RAP) limited by venous flow resistance. MSFP can be increased by enlarging the stressed volume at the expense of unstressed volume by venoconstriction. However, venous return can be hampered by an increase in the resistance venous flow encounters. Increasing MSFP more than RAP through fluid loading can increase venous return and CO without this drawback.
CO RESPONSE
Different physiological parameters can be used to define fluid responders, such as urine output, blood pressure and CO. CO is often used as it constitutes an important part of tissue oxygen delivery together with the oxygen content of arterial blood. Furthermore, upon fluid loading CO is the resultant when described by the cardiac function curve. Consensus must be reached on what can be regarded as a clinically significant increase in CO after a standardized amount of fluid is administered. In current literature, the change in CO to discriminate between responders and non-responders after a fluid challenge varies between 6% and 25%. [14] [15] [16] [17] [18] This inconsistency complicates direct comparison between studies and usage in clinical practice.
Previously, Critchley and Critchley defined a clinical significant change as a change of twice the standard deviation of the measurement method. 19 The clinical significance of the change in CO thus predominantly depends on the accuracy of technique to measure CO. Only when a change in CO is larger than twice the measurement error of this technique, one can be confident that CO has truly increased or decreased. Therefore, it is reasonable to adapt the cut-off value to discriminate responders from non-responders depending on the used measurement technique. For instance, the error considered for thermodilution is reckoned to be close to 7% depending on measurement of three boluses averaged. 20 A difference of > 14%
(7% + 7%) before and after fluid loading is required to ensure that the validation of a responder is correct. Indeed, the cut-off point for increase in CO generally used for thermodilution measurements in the literature is 15% to define fluid responders. 
AMOUNT OF FLUID
The clinical significance of a change in CO does not only depend on the measurement technique but also on the amount of fluid used during the loading procedure. If 500 mL is administered, instead of for instance 250 mL, the change in CO from baseline can be expected to be larger. Although this may seem obvious, in the literature the total volume of administered fluid to determine fluid responsiveness varies widely between 4 mL·kg -1 to 20 mL·kg -1 or 100 mL to 1000 mL. 14, [25] [26] [27] [28] It is conceivable that a standard administered volume could potentially affect fluid responsiveness if not adjusted to weight, i.e. smaller patients becoming more likely to be assessed as fluid responders. However, no correlation between responders and weight has been reported in the literature using a standard volume regardless of individual weight.
To decide on the amount of fluid, clinical consequences need to be discussed. When the administered volume would be large, for instance 1000 mL, steps taken on the cardiac function curve are large and chances are greater that the patient will function on the flat part of the curve after fluid infusion. As overzealous fluid administration has shown to increase morbidity and mortality, patient tailored fluid titration is important advocating smaller fluid loading volumes. In order to approximate the position through changes in CO and RAP on the cardiac function curve upon fluid loading, large enough filling steps are needed taking into account the measurement error described earlier. 19 We advocate the use of a fluid bolus of 500 mL or 6 mL·kg -1 , which has most frequently been used in the literature. Using multiple fluid administrations will lead to CO optimization without over-increasing RAP and hydrostatic pressure causing pulmonary and general edema.
TYPE OF FLUID
Since patients, approximately 50% will respond with an increase in CO > 15% coined fluid responders. Subsequently, half of patients will receive unnecessary fluid loading up to 500 mL knowing that a positive fluid status has been correlated with worse outcomes.
CLINICAL PARAMETERS
The initial assessment of volume status is most often based on clinical signs and symptoms in the prediction of fluid responsiveness, like skin turgor, urine color or production, fluid balance and the presence of peripheral edema. In a study by Stephan et al. hypovolemia
was defined as a 10% lower circulating blood volume compared to a control population.
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Hypovolemia was present in 53% of critically ill patients. In a separate study they found that clinical signs do not prove to be useful to discriminate between hypovolemic and normovolemic individuals. 40 In both conditions, fluid responsiveness can be present. The assessment of volume status using clinical parameters on their own appears unreliable to predict fluid responsiveness.
STATIC PARAMETERS
Mean arterial pressure (MAP) is a well-identified goal to maintain perfusion of vital organs, although it has not been studied extensively for its value to predict fluid responsiveness. There are only a couple of studies available that report on the reliability of MAP to predict fluid responsiveness. 14, 41 The low predictive value of MAP is likely related to the influence of changes in systemic vascular resistance by the disease state, for instance vasoplegia in sepsis, and pre-existing differences in normotensive values between individuals.
The International Consensus Conference on Hemodynamic Monitoring in 2006 found moderate to low evidence to implement target blood pressures in the management of shock in the absence of relevant clinical studies.
Heart rate (HR) has been studied on a small scale. In theory, heart rate could be an accurate and non-invasive predictor of fluid responsiveness. However, the predictive value of baseline HR in patients undergoing cardiac or neurosurgery has been only fair.
41,43
Mechanical ventilation and anesthesia are known to impede neural and humoral control.
Furthermore, the large number of patients receiving negative chronotropic medication such as beta-blockade further complicates the possibility to use HR for the prediction of fluid responsiveness.
Central venous pressure (CVP) and pulmonary artery occlusion pressure (PAOP) are still the most often used hemodynamic parameter in the assessment of fluid responsiveness. In summary, measurement of static hemodynamic parameters such as CVP and LVEDA can not lead to a proper prediction of the response to the administration of fluid.
Even baseline CO possesses only moderate predictive value as the cardiac function curve characteristics differ between patients as well as within patients with continuously changing pathophysiological constitutions. Moreover, a single value does not discriminate whether a patient is on the steep part or near the plateau on the curve. To attain whether a patient is a fluid responder or non-responder, at least two points on the curve are needed which necessitates the change in preload on one hand with the subsequent measurement of CO or another physiological parameter on the other hand.
DYNAMIC PARAMETERS
In recent years dynamic parameters have been the focus of interest in predicting fluid responsiveness. Variables based on heart-lung interaction have been an attractive way to predict fluid responsiveness. Already described a half century ago 26 , mechanical ventilatorinduced stroke volume variation (SVV) and pulse pressure variation (PPV) have shown to be reliable predictors of fluid responsiveness in different clinical settings (Table 2) . Other interesting dynamic parameters regard the echographic assessment of changes in inferior and superior vena cava diameter. A superior vena cava collapsibility of 36% has demonstrated a sensitivity of 90% and a specificity of 100% in predicting fluid responsiveness in patients after CABG surgery. 86 However, the superior vena cava diameter can only be
properly assessed with the use of transesophageal echocardiography. Similar assessment of the inferior vena cava in twenty septic patients offered 90% sensitivity and specificity to predict fluid responsiveness. 54 The predictive value for fluid responsiveness of echographic parameters in patients receiving mechanical ventilation seems to outscore the results for these parameters in spontaneously-breathing patients. 87 preload with a maximum within a minute. 88 Its effect vanishes completely when the legs are returned to the horizontal position and does not persist when the legs are held upright either.
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PLR mimics temporary fluid loading and is the preferred challenge using postural changes.
The head-down tilt test, commonly known as the Trendelenburg manoeuvre, has shown to have adverse effects on pulmonary blood flow and cerebral circulation.
EVIDENCE FOR PLR
In 2002, Boulain was the first to demonstrate a strong correlation between changes in stroke volume during PLR and by fluid loading. 88 Half a decade later, multiple studies confirmed the highly predictive power of PLR in forecasting fluid responsiveness with a sensitivity and specificity ranging between 85-95%. [90] [91] [92] [93] [94] [95] [96] In contrast to the dynamic parameters SVV and PPV, similar predictive values were obtained with PLR in spontaneously breathing patients, regardless of cardiac rhythm. 87, 90, 93, 94 Changes in preload after PLR has now repeatedly shown to be highly predictive in a wide variety of clinical settings and using different hemodynamic parameters to assess its effect (Table 3) . 90, [96] [97] [98] [99] [100] [101] The predictive value of changes in pulse pressure upon PLR can be improved when used in combination with the concomitant change in CVP. 107 However, the results of changes in CO following PLR are significantly better than changes in blood pressure, i.e. pulse pressure, as demonstrated in a meta-analysis of clinical trials. 108 This can be explained by the fact that PLR, through the increase in cardiac preload, stimulates cardiopulmonary receptors resulting in an increase in CO output and dilatation of peripheral arteries respectively. These two factors counterbalance any effect on blood pressure and heart rate during PLR with little or no involvement of the arterial baroreceptors. 109 However, when PLR does induce arterial baroreceptor stimulation, for instance through pain, arterial compliance will alter causing pulse pressure to inaccurately reflect stroke volume.
depends upon the ability to recruit stressed volume raising MSFP. During venoconstriction, the cardiac preload and CO increase upon PLR is greater. 110 By contrast, a vasodilatory state with a higher unstressed volume could potentially result in a lower increase in cardiac preload
by PLR, falsely labelling a patient as a fluid non-responder. To assess the effect of PLR a fast response and direct measure of CO is recommended. Since PLR usually does not affect heart rate, the change in stroke volume can also be attained. Furthermore, it is promising that changes in end-tidal carbon dioxide have recently shown the ability to predict fluid responsiveness upon PLR as well.
111,112 POSITIONING FOR PLR
Currently two different procedures for PLR are described: classically the PLR maneuver was started with the patient in the supine position, although in recent trials using PLR to predict fluid responsiveness more often a semi-recumbent starting position is used (Fig 2) . 90, [96] [97] [98] [99] [100] [101] The classic PLR starting position is often present in the operating room, while most patients on the intensive care are positioned semi-recumbent. PLR from the semirecumbent starting position not only transfers blood from the lower limbs, but mobilizes blood from the abdominal compartment as well, since the legs are lifted with the trunk placed from semi-recumbent to horizontal position. PLR is thought to be equivalent to 150-300 mL of fluid loading, 88 and auto-transfusion of fluid volumes > 250 mL should be pursued considering the measurement error earlier described. 19 The semi-recumbent starting position is therefore preferred, as it has shown to induce a larger increase in cardiac preload than the classic PLR started from the supine position. 113 An increase between 9% and 15% in CO upon PLR has shown the ability to predict fluid responsiveness with an area under the Receiver Operating Characteristic Curve of ≥ 0.88 (Table 3) .
APPLICATION OF PLR
Using PLR to assess fluid responsiveness is attractive in that it produces a rapid and reversible fluid challenge feasible at the bedside even in spontaneously breathing patients with arrhythmia. There is growing evidence in a large variety of patients as a strong predictor of fluid responsiveness, especially when the effect of PLR is assessed by a direct measure of CO. Non-invasive methods are now available to assess the rapid hemodynamic changes as the auto-transfusion effect upon PLR is maximal within one minute. 89 PLR thus provides a useful tool in a wide variety of clinical settings to predict fluid responsiveness, while using a desired reversible yet genuine fluid administration.
LIMITATIONS TO PLR
Special attention has to be paid for re-referencing of blood pressure transducers at the level of the tricuspid valve when performing PLR from the semi-recumbent starting position.
Furthermore, the exact amount of auto-transfusion cannot be determined as this is in part dependent on volemic state, venous compliance and intra-abdominal pressure. As such, PLR has been implicated to be inaccurate in case of intra-abdominal hypertension impairing venous return. 88% 89% 0.89 ± 0.07 Abbreviations: SVV, stroke volume variation; PPV, pulse pressure variation; ARDS, acute respiratory distress syndrome; Cut-off, set value for prediction of fluid responsiveness (%); AUROC, area under the Receiver Operating Characteristic curve (95% CI or ± SE) 
